The interactions of cells with their environment involve regulated actinbased motility at defined positions along the cell surface. Sphingolipid-and cholesterol-dependent microdomains (rafts) order proteins at biological membranes, and have been implicated in most signalling processes at the cell surface. Many membrane-bound components that regulate actin cytoskeleton dynamics and cell-surface motility associate with PtdIns(4,5)P 2 -rich lipid rafts. Although raft integrity is not required for substrate-directed cell spreading, or to initiate signalling for motility, it is a prerequisite for sustained and organized motility. Plasmalemmal rafts redistribute rapidly in response to signals, triggering motility. This process involves the removal of rafts from sites that are not interacting with the substrate, apparently through endocytosis, and a local accumulation at sites of integrin-mediated substrate interactions. PtdIns(4,5)P 2 -rich lipid rafts can assemble into patches in a process depending on PtdIns(4,5)P 2 , Cdc42 (cell-division control 42), N-WASP (neural Wiskott-Aldrich syndrome protein) and actin cytoskeleton dynamics. The raft patches are sites of signal-induced actin assembly, and their accumulation locally promotes sustained motility. The patches capture microtubules, which promote patch clustering through PKA (protein kinase A), to steer motility. Raft accumulation at the cell surface, and its coupling to motility are influenced greatly by the expression of intrinsic raft-associated components that associate with the cytosolic leaflet of lipid rafts. Among them, GAP43 (growth-associated protein 43)-like proteins interact with PtdIns(4,5)P 2 in a Ca 2ϩ /calmodulin and PKC (protein kinase C)-regulated manner, and function as intrinsic determinants of motility and anatomical plasticity. Plasmalemmal PtdIns(4,5)P 2 -rich raft assemblies thus provide powerful organizational principles for tight spatial and temporal control of signalling in motility.
Introduction
Owing to their distinct biophysical properties and their relative abundance, sphingolipids and cholesterol play a predominant role in generating microdomains in biological membranes [1, 2] . These sphingolipid-and cholesterol-dependent microdomains are also designated as lipid rafts. In the biosynthetic pathway, lipid rafts are first assembled at the Golgi, and play major roles in specific trafficking of proteins and lipids to and from cellular compartments [3] . Different types of cells at distinct developmental stages can differ substantially in their raft contents. Most importantly, association with lipid rafts influences signalling, trafficking and the assembly of cellular structures in specific ways [1] .
Because they provide an ordering mechanism to accumulate defined molecular components at specific sites of membranes, and because they interact extensively with cellular signalling and trafficking processes, it has become clear that rafts could play major roles in spatial and temporal control of actin-based motility. Thus the mechanisms that engage specific forms of cell-surface motility and control their progression include mechanisms that link locally actin dynamics to the assembly and trafficking of specific membrane-associated components, orchestrating motility. Among them, the lipid second messenger PtdIns(4,5)P 2 is an attractive candidate to integrate signalling and co-ordinate actin and membrane dynamics in motility. PtdIns(4,5)P 2 accumulates at sites of cell-surface motility, and can modulate actin dynamics, endo-and exo-cytosis, and the assembly of membrane-associated protein coats, mediating morphogenesis [4] [5] [6] [7] [8] . Significantly, PtdIns(4,5)P 2 is concentrated at cholesterol-dependent lipid rafts [9] . These observations have thus raised the possibility that local PtdIns(4,5)P 2 levels and the local assembly and remodelling of raft domains enriched in PtdIns(4,5)P 2 may regulate cell motility [6, 8, 9] .
The present review focuses on recent developments of how lipid rafts play critical roles in spatial and temporal control of actin-based motility, and on how actin cytoskeleton regulation involved in neurite outgrowth and the remodelling of synapses between neurons is controlled by intrinsic and extrinsic mechanisms, controlling raft local accumulation and trafficking.
Many of the components regulating the actin cytoskeleton target to plasmalemmal rafts
Lipid rafts are well suited to play major roles in regulating actin dynamics locally. Thus, among the molecular components that are involved in actin cytoskeleton regulation, those associated with rafts include receptor tyrosine kinases, activated integrins, the Rho-type GTPases RhoA, Rac and Cdc42 (celldivision control 42), their activated WASP (Wiskott-Aldrich syndrome protein)-family effectors, Src-like kinases, ERM (ezrin, radixin and moesin) proteins, PI5K (phosphoinositide 5-kinase), and the lipid second messenger PtdIns(4,5)P 2 (e.g. [6] ). In addition, plasmalemmal raft-associated GAP43 (growth-associated protein 43)-like proteins modulate PtdIns(4,5)P 2 -rich raft assembly and influence actin dynamics ( [9, 10] ; see also below). Rafts of distinct compositions are concentrated at the leading and trailing edges of migrating neutrophils (see below), and Arp (actin-related protein) 2/3-directed actin assembly is particularly efficient at PtdIns(4,5)P 2 -rich rafts [11] . Furthermore, Dynamin 2-cortactin-Arp2/3 complexes have emerged as versatile molecular scaffolds that are regulated by raft-associated components, such as Src kinases, Rac and PtdIns(4,5)P 2 , to generate actin-based membrane protrusion [12] .
The close association of actin-regulating components with plasmalemmal rafts provides for a rich repertoire of specific regulatory mechanisms to control actin-based motility, and couple it to cell organization and regulation. Thus lipid microdomains are highly dynamic entities, where interactions between specific components are thought to be short-lived and hence exquisitely sensitive to regulation. In addition, association with rafts influences both the signalling strength of individual components, as well as signal quality through differential recruitment of signalling components at and outside of rafts. For example, a fraction of the cellular pool of the cell-adhesion molecule NCAM (neural cell-adhesion molecule)-140 can associate with lipid rafts upon palmitoylation at juxtamembrane intracellular residues. For NCAM-140 to promote neurite outgrowth in vitro, activation of two parallel pathways appears to be required: mediation of FGF (fibroblast growth factor) signalling through non-raft NCAM, and activation of FAK (focal adhesion kinase) and ERK (extracellular-signal-regulated kinase) by an NCAM-Fyn complex at rafts [13] . In addition, by associating to GPI (glycosylphosphatidylinositol)-anchored receptor for GDNF (glial-derived neurotrophic factor) [GFR␣1 (GDNF-family receptor ␣1)], NCAM-140 can bind GDNF with high affinity, and mediate signalling to Fyn and FAK [14] . Furthermore, NCAM associates with and signals through GAP43 and Fyn at distinct subpopulations of growth cone raft complexes [15] .
Cell-surface motility involves a redistribution and local accumulation of plasmalemmal rafts
As they provide ordered membrane microdomains that can reorganize rapidly in the plane of the membrane, and can be trafficked through dedicated pathways, rafts are attractive candidates to efficiently set up defined sites of cell-surface signalling and motility in cells. Such polarization of rafts, and the ways in which rafts are involved in setting up cell polarity and polarized signalling are illustrated nicely in chemotactic cell migration. In an early report of raft polarization, Martinez-A and colleagues [16] showed that polarizing Tcells accumulate distinct raft components, including the gangliosides GM3 and GM1 at their leading and trailing edges respectively. A later study showed that, while the first signalling events in cell polarization are raft-independent, the presence of intact rafts is necessary for sustained Rac activation and actin polymerization [17] . Perhaps most significantly, in migrating leucocytes, CCR5 (chemokine receptor 5) and subsequently activated PI3K (phosphoinositide 3-kinase) redistribute to leading edge rafts in a raft-dependent manner [18] . Taken together, these studies show that in polarized cell migration, spatial signalling can be organized by concentration-gradient-sensing machinery through Spatial control of actin-based motility through plasmalemmal PtdIns(4,5)P 2 -rich rafts 121
and at rafts. As discussed below, these principles probably play a major role in growth-cone guidance.
In a recent study to investigate the relation between cell-surface rafts and cell motility [19] , we analysed the distribution of raft-associated components, such as cholesterol (filipin), GAP43 and PtdIns(4,5)P 2 , in quiescent, replated or NGF (nerve growth factor)-treated cells. We found that quiescent cells, with little detectable cell-surface motility and no sites of intense F-actin (filamentous actin) labelling at the cell edge did not exhibit obvious sites of cell-surface raft concentrations. In contrast, raft components in replated cells were highly concentrated in patches at cell-surface ruffling lamellae, where they co-distributed with intense labelling for F-actin. Likewise, NGFinduced cell-surface motility coincided with the rapid accumulation of PtdIns(4,5)P 2 -rich raft patches at prominent actin-assembling sites along the edge of PC12 cells [19] . Raft-patch accumulation at the cell edge (detectable from 30 s onwards) preceded the accumulation of prominent F-actin patches (from 45-60 s onwards) at these sites. As expected, the cholesterol-sequestering agent cyclodextrin suppressed assembly sites for raft-associated components. Significantly, cells attached and spread to a comparable extent in the absence or presence of cyclodextrin, indicating that raft disruption did not suppress all substrate-induced morphogenic interactions in a non-specific manner. However, lamellipod and ruffling motility at the leading edge were absent in the absence of intact rafts [19] .
In experiments aimed at defining mechanisms through which rafts accumulate at the leading edge, we found that the accumulation of cell-surface raft patches involved in leading-edge motility depends on signals by Cdc42 and PtdIns(4,5)P 2 , upstream of N-WASP (neuronal WASP) and actin assembly [19] . As Rac activity was required to generate PtdIns(4,5)P 2 locally at the cell edge, this led to a dual requirement for Cdc42 and Rac signalling in raft patching, which can be provided, e.g. through Vav2, downstream of integrin signalling [20] . Based on these results, and on those of previous studies, we proposed a mechanism for PtdIns(4,5)P 2 -rich raft-patch accumulation at the cell surface, involving the recruitment and activation of N-WASP, through cooperative binding of PtdIns(4,5)P 2 and Cdc42, downstream of Rac and Cdc42 activation [19, 21] . This mode of regulation could ensure tight spatial regulation of motility through Cdc42-recruiting complexes at the cell membrane, and tight dynamic regulation of motility through PtdIns(4,5)P 2 synthesis (PI5Ks) and hydrolysis (phospholipase C). These findings are consistent with those of other studies, which found dual requirements for Rac and Cdc42 signalling in the induction of lamellipodial-based cell migration [22] , and in lamellipodial-based phagocytosis [23] .
The local accumulation of raft assemblies at sites of motility can greatly enhance spatial specificity in Rho-GTPase signalling to the actin cytoskeleton. But how do signals that initiate and promote motility interact with raft trafficking to bring about local accumulation of rafts at the leading edge? An important recent study has shed light on how integrin signalling relates to raft distribution and Rac activity [24] . Del Pozo and colleagues showed that integrin engagement leads to the local accumulation of rafts at the cell surface [24] . In contrast, when cells are detached from their substrate, rafts are endocytosed and accumulate intracellularly. The study shows further that, in the absence of surface rafts, Rac-GTP fails to associate with the plasma membrane, and to activate the downstream effector of integrins, FAK. Together with those of previous studies [25] , these results provide evidence that integrin signalling couples sensing of the local environment to the local accumulation of rafts required for Rac-GTP activity at the cell surface. The mechanism that mediates local delivery of rafts at defined sites on the cell surface are not well understood. However, for long-term polarization, they could involve dedicated targeting mechanisms, e.g. involving the exocyst, an octameric complex involved in targeting proteins and vesicles to specified plasma membrane domains, thereby acting as a polarization cue [26] . In addition, in processes likely to be particularly important to motility regulation, raft-associated components are internalized selectively through clathrin-independent/dynamin-dependent endocytosis under the control of Rho-GTPases [27] . A major specialized path involves association with caveolae, a stable plasmalemmal compartment where phosphorylation of caveolin-1 is required to induce endocytosis [28] [29] [30] . Specific raft-dependent processes of receptor internalization at ruffling lamellipods may provide powerful mechanisms to integrate local motility and signalling at the cell surface with cell regulation processes through sorting and signalling endosomes.
Actin assembly at PtdIns(4,5)P 2 -rich plasmalemmal rafts
To investigate how the accumulation of PtdIns(4,5)P 2 -rich rafts into patches might influence cell-surface motility, we have investigated their possible role in actin cytoskeleton regulation. We found a pronounced accumulation of F-actin at raft patches along the cell edge in the presence of NGF, which was greatly reduced in cells overexpressing dn (dominant-negative)-Cdc42 or dn-N-WASP [19] . Consistent with a role of PtdIns(4,5)P 2 -rich raft patches in promoting actin assembly in motility, phase-contrast time-lapse recordings revealed that, in the presence of dn-Cdc42 or dn-N-WASP, both intensity and duration of NGF-induced lamellipodial motility were reduced greatly. These results suggested that a raft-patching process involving PtdIns(4,5)P 2 , Cdc42 and N-WASP enhances signalling for actin assembly and motility in NGFtreated cells [19] . This is consistent with reports that rather than interfering with the initial triggering of motility, the disruption of rafts diminishes responses, such as membrane ruffling and pinocytosis, and prevents sustained activation of Rac and actin dynamics in neutrophils [17, 26] . Since PtdIns(4,5)P 2 -rich platforms assembled at regions of prospective motility, these results suggest that assembled rafts provide spatial domains of enhanced signalling for motility. This is probably achieved through the dynamic assembly of specific signalling scaffolds, and through positive-feedback loops that sustain the activation of key components such as PI3K, Rac, Cdc42 and PI5K [8, [31] [32] [33] .
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A role for plasmalemmal rafts in steering actin-based motility
Since local clustering of rafts appears to play a critical role in promoting motility, processes of raft accumulation and assembly may be targets of regulation by external signals that guide motility. Recent studies illuminating the roles of lipid microdomains in growth-cone guidance suggest that this is indeed the case. An elegant study by Zheng and colleagues has demonstrated that raft integrity is required specifically for growth-cone-turning responses induced by BDNF (brain-derived neurotrophic factor), Netrin-1 and Sema3A, but not glutamate [34] . Treatments disrupting cholesterol-rich rafts affected BDNF-induced attraction specifically, whereas treatments affecting GM1-rich rafts interfered with BDNF-induced neurite extension. Importantly, signalling-competent rafts accumulated asymmetrically towards a BDNF gradient, suggesting that the turning response may be brought about by a spatial rearrangement of lipid microdomains on the surface of growth cones [34] . As in integrin-mediated adhesion, raft-associated Rac1 plays a central and complex role in growth-cone guidance, where it is implicated in both growth and collapse. In the absence of collapsing signals, Rac1 activity drives actin polymerization at the leading edge of growth cones, and raftassociated proteins, such as L1, can increase the levels of active Rac1 at the growth cone membrane. Upon collapsing signals (e.g. through ephrin A2), Rac1 activity is transiently lost, the growth cone switches to a 'proofreading' mode dominated by Rho-mediated contraction, and growth cone microdomains are redistributed.
Intrinsic determination of cell-surface PtdIns(4,5)P 2 -rich raft accumulation and motility by GAP43-like proteins
While extracellular signals initiate raft-mediated signalling, the extent of this signalling can be influenced greatly by the expression levels of cell-intrinsic factors. Thus the controlled assembly of raft-dependent signalling domains is influenced by the expression of raft-associated components, such as flotillins, which affect both raft levels and processes of signal-induced raft clustering [1, 3] . Furthermore, in the nervous system, process outgrowth and synaptic rearrangements coincide with the expression of specific sets of genes in neurons, including the GAP43-like proteins GAP43, CAP23 (cortical cytoskeleton-associated protein of 23 kDa), MARCKS (myristoylated alanine-rich C kinase substrate), and MacMARCKS (macrophage MARCKS) [9, 35] . Functional studies in vivo have provided strong evidence that all GAP43-like proteins are intrinsic determinants of anatomical plasticity, conferring competence for morphogenetic processes to cells that express them [9, 35, 36] . Within cells, GAP43-like proteins accumulate at lipid rafts, where they co-distribute with the lipid second messenger PtdIns(4,5)P 2 [35] . GAP43-like proteins appear to function by modulating the accumulation and assembly of PtdIns(4,5)P 2 -rich rafts at the cell membrane in a Ca 2ϩ /calmodulin-and PKC-regulated manner [9] . For MARCKS and GAP43, this involves a direct interaction of the basic domains with PtdIns(4,5)P 2 , which can promote clustering and sequestration of this important lipid second messenger [37] . PC12 cells stably expressing GAP43, CAP23 or MARCKS exhibit higher levels of raft markers at the cell surface, whereas cells expressing a GAP43(⌬ED) mutant lacking the basic activation domain exhibit particularly low labelling signals for cell-surface raft markers [35] . These differences in cellsurface raft accumulation are accompanied by corresponding differences in substrate-dependent spreading and adhesion in these cells, and in neurite outgrowth in transgenic mice [35] . In experiments that support further the notion that the accumulation of raft patches at the cell surface promotes motility, we found recently that GAP43(⌬ED) interferes with both raft-patch accumulation at the surface and cell-surface motility in PC12 cells [19] .
The mechanisms through which cell intrinsic components influence raft accumulation at the cell surface probably involve actin-mediated interactions with the cortical cytoskeleton. Thus the assembly of dynamic actin filaments at lipid rafts, and their loose association with the cortical cytoskeleton are thought to stabilize signalling domains, whereas actin disassembly mediates their dispersal. In addition, loose interactions in trans with other cells or extracellular components can serve to prolong and enhance signalling through rafts. Interestingly, and emphasizing the dynamic nature of raft-associated interactions in signalling, a stable association of individual components with the cytoskeleton can function to restrict their recruitment to signalling domains, and to restrict motility [9, 38] .
Conclusions and outlook
Recent studies have revealed how lipid rafts are rapidly redistributed and assembled locally in response to extracellular signals, and how components of raft-based signalling domains undergo rapid and regulated rearrangements influencing signal quality, duration and strength. In the present review, we have discussed how locally accumulating PtdIns(4,5)P 2 -rich raft assemblies promote and steer motility. Briefly, the local accumulation of PtdIns(4,5)P 2 -rich rafts enhances local signalling for motility, and their assembly state is regulated through captured microtubules and PKA, coupling local regulation of motility with cell organization. In addition, the expression of intrinsic components, such as GAP43-like proteins, that modulate PtdIns(4,5)P 2 -rich raft accumulation and assembly at the cell surface influences the extent to which cells respond to external signals, to produce cell-surface motility and interact with their local environment. Major open issues for future studies include: (i) elucidating the precise mechanisms through which local PtdIns(4,5)P 2 pools mediate spatial and temporal regulation of motility at the leading edge, and the roles of raft assemblies in these processes; (ii) elucidating how raft-dependent membrane trafficking to and from the cell surface interacts with local regulation of motility, and couples this process to cell regulation; and (iii) elucidating the mechanisms through which intrinsic components such as GAP43-like proteins influence PtdIns(4,5)P 2 -rich raft trafficking, assembly and function. The results of this research should provide insights into how cells interact and cope with their environment, in health and in disease.
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